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THE EFFECT OF NONPLASTIC SILT GRADATION ON THE LIQUEFACTION 
BEHAVIOR OF SAND 
 
Mehmet Murat Monkul                             Jerry A. Yamamuro 
Oregon State University,                              Oregon State University, 






Various researchers have published results regarding the effect of non plastic silts on the liquefaction behavior of sands. Some 
concluded that increasing fines content decrease the liquefaction potential, whereas others observed the opposite. Some of those 
discrepancies might be explained via various factors such as different confining stresses, different depositional methods, different 
consolidation histories and possibly different comparison bases (i.e. void ratio, intergranular void ratio, relative density). New 
experimental results from monotonic undrained triaxial compression tests performed on Nevada Sand-A mixed with different silts 





Liquefaction of loose soils may be expressed as significant 
strength loss inside the effective stress failure surface when 
subjected to monotonic or cyclic undrained loading. In this 
paper the term “static liquefaction” refers to the complete 
strength loss, similarly “temporary liquefaction” refers to a 
limited strength loss under monotonic loading conditions. 
Many researchers articulated the mechanism of static 
liquefaction due to the collapse of the so called “metastable” 
soil structure during monotonic loading (Terzaghi, 1956; 
Sladen et al., 1985; Yamamuro and Lade, 1997).  
 
Sladen et al. (1985) defined a “collapse surface” as that which 
passes through the initial peak points of the undrained 
effective stress paths and steady (quasi) state points. Sladen et 
al. (1985) stated that liquefaction can occur if the soil state 
reached the collapse surface and the shear stress exceeded the 
quasi steady state shear strength (qqss). According to collapse 
surface approach: the change in consolidated void ratio (ec) 
does not change the slope of the collapse line but shifts its 
position. 
 
Lade (1988) also proposed an instability approach in a way 
similar to collapse surface. According to this approach, 
unstable behavior in undrained conditions may occur under 
decreasing stresses which are accompanied by large plastic 
strains. The term failure is used when maximum effective  
 
 
principle stress ratio, (σ'1/ σ'3)max is reached. Whereas, the 
instability line passes through qinitial-max [(σ1- σ3)initial-max].  
 
These two conditions are reached simultaneously in drained 
tests. However, in undrained tests for loose cohesionless soils 
(σ1- σ3)initial-max occurs before (σ'1/ σ'3)max. In this case 
temporary liquefaction might occur before reaching to failure 
surface. In his later studies Lade (1993) conluded that 
instability line goes through the origin of the stress diagram 
rather than the quasi steady state point and also observed that 
slope of the instability line increases with a decrease in void 
ratio.  
 
Crossing the stress origin and change in the slope of instability 
line with density are two major differences between the 
collapse surface and current instability approaches. The same 
surface is also termed with different names in literature (e.g. 
flow liquefaction surface (Kramer, 1996), yield strength 
envelope (Olson and Stark, 2003)).   
 
Moreover, observations from various sites formed of sandy 
soils revealed that they usually have various silt fractions. 
Consideration of this natural trend and questions regarding silt 
influence on instability behavior of sandy soils has triggered 
much research on silty sands, especially in the previous 
decade. Related literature mainly focused on three aspects 1) 
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 influence of fines content on liquefaction resistance (Kuerbis 
et al., 1988; Pitman et al., 1994; Zlatovic and Ishihara, 1995; 
Lade and Yamauro, 1997), 2) influence of confining stress 
(Yamamuro and Lade, 1997; Thevanayagam, 1998), 3) 
influence of specimen preparation method (Brandon et al., 
1991; Vaid et al., 1999; Høeg et al., 2000; Yamamuro et al., 
2008; Wood et al., 2008).  
 
Whether all non-plastic silts has a similar effect regarding 
liquefaction potential of silty sands, has not been examined in 
literature.  Therefore in this study two different silts are mixed 
with the same base sand, and undrained traxial tests are 
performed under strain controlled monotonic loading 
conditions.       
 
 




Two different silts were chosen to be used in the experimental 
program. These were Sil-Co-Sil #125 and Potsdam silts. Sil-
Co-Sil #125 is non plastic, whereas Potsdam fines has a very 
low plasticity index (i.e. LL=22.7%, PI=3.8%, classified as 
ML). Base sand used is Nevada Sand-A. The hydrometer 
curves of the fines together with the gradation curve of 








Experiments and Specimen Preparation 
 
Specific gravity tests were performed on each fine type 
according to ASTM D854 (Table 1) and extreme void ratio 
tests were performed according to the method proposed by 
Lade et al. (1998). 
 
Nevada Sand-A was mixed with 20% by weight with both 
silts. Strain controlled monotonic undrained triaxial 
compression tests were performed on silty sands mixtures with 
different densities.  
Table 1. Specific gravities and the mean diameter ratios for the 








Gs 2.68 2.82 2.68 
D50(mm) 0.14 0.014 0.024 
D50-sand/d50-fines - 10 5.8 
 
 
Specimens were deposited using dry air pluviation, since this 
technique allowed achieving a wider range of densities for the 
silty sands used in this study compared with dry funnel 
deposition. Tapping the specimen mold to achieve greater 
densities was avoided to prevent alteration of the soil fabric. 
Various air pluviation techniques have been used in literature 
for silty sands (Brandon et al., 1991; Thevanayagam, 1998; 
Vaid et al., 1999; Georgiannou, 2006; Wood et al., 2008). The 
most common method is to rain the soil through a dispersing 
screen down a tube with an equivalent inside diameter as the 
split mold. In order to attain a relatively uniform density 
distribution through the vertical axis of the specimen, the 
falling grains should have a similar kinetic impact energy. 
This might be attained, if the grains reached their terminal 
velocities, vt (constant velocity for the free falling grains) 
before they are deposited. Rad and Tumay (1987) reported 
that vt is reached after a fall height of 30cm for Monterey Sand 
(D50=0.36mm). Considering that the base sand used in this 
study is much finer than Monterey Sand, and a free falling 
sphere of 0.1mm diameter reaches vt within a drop height as 
low as 7.5cm (Vaid and Negussey, 1984), silty sands used in 
this study can be expected to reach their terminal velocities 
within drop heights much less than 30cm. Still, a 40 cm tube 
was employed and similar kinetic impact energies were 
assumed to be applied in the deposition process. It has been 
well reported in literature that drop height and deposition rate 
has opposite effects on relative density (Dr), such that 
increasing deposition rate reduces the relative density, 
whereas higher relative densities are achieved by increasing 
deposition height (Vaid and Negussey, 1984; Rad and Tumay, 
1987; Brandon et al., 1991). In this study, drop height was 
kept constant while changing the deposition rate in order to 
achieve different densities. 
 
Samples were flushed with CO2 before deaired water was 
percolated through the specimen from the bottom. Cylindrical 
specimens of 7.1cm (2.8 in) in diameter by 14.2 cm (5.6 in) in 
height were used (H/D=2) together with lubricated ends and 
oversized end platens in order to promote uniform strains. 
Strain rate was 0.1%/min during shearing after the specimens 




EXTREME VOID RATIOS 
 
Lade et al. (1998), has investigated the effects of silt content 
on extreme void ratios of sand. It was observed in that study 
that there exist an optimum grain diameter ratio, close to 7, up 
to which most efficient packing and largest reduction in 
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 minimum void ratio was observed. When mean diameter ratio 
is greater, the extreme void ratio curves show a distinct dip, 
they are smoother otherwise (Lade et al., 1998). Table 1 shows 
that D50/d50 for SilCoSil is close and D50/d50 for Potsdam fines 
is greater than the postulated optimum grain diameter ratio. 
Therefore, curves for both silty sands showed distinct dips, 
however Potsdam’s is more pronounced possibly due to the 








Maximum void ratios of 100% silt gave the largest emax values 
compared to the mixtures with lower silt content. This is due 
to the tendency that smaller grains arrange with higher void 
ratios because of their higher surface area to volume ratio. The 
reason for Potsdam fines to have a smaller emax value than Sil-
Co-Sil, even though Potsdam had the least mean grain 
diameter, might be the differences between shape and 
angularity of two silts (i.e. bridging effects). In order to verify 
this, images of two silts under microscope were taken and 






b) SilCoSil silt 
 
Fig. 3.  Appearance of different silts used in this study in 
microscale, a)Potsdam silt, b)SilCoSil silt. 
 
Visually grains of Potsdam silt appear more rounded (Fig. 
3(a)) compared to the more angular SilCoSil grains (Fig. 
3(b0). This difference might influence not only the emax , emin 
characteristics shown in Fig. 2, but also might influence the 
initial fabric of silty sands after deposition. Silty sand with 
SilCoSil could possibly form more “metastable” structure with 
some silt grains located in between the sand grains, causing 
the soil to be more compressible.        
 
The void ratio range of silty sands used in this study increases 
with silt content as shown in Fig. 4. The rate of increase in the 
void ratio range declines after a certain silt content, which is 
around 40% for Potsdam mixures, and higher than 40% for 
Sil-Co-Sil 125 mixtures. Similar trend of increasing void ratio 
range with fines content was observed for natural sandy soils 
and a bi-linear relationship was proposed by Cubrinovski and 
Ishihara (2002). In the same study "emax-emin" was emphasized 
as a significant material parameter since it includes the 
combined influence of gradation, grain shape and fines 
content. Moreover, Cubrinovski and Ishihara (2000) stated 
that high values of "emax-emin" in sandy soils indicate greater 
potential for instability. Accordingly, if "emax-emin" is utilized 
as an indicative parameter for instability, with comparable 
initial conditions, contractive tendency and instability 
potential for sand with SilCoSil can be expected to be greater 
than the one with Potsdam silt (Fig. 4).  
 
 




Fig. 4.  Influence of silt content on void ratio range. 
 
 
MONOTONIC UNDRAINED BEHAVIOR AND 
DISCUSSIONS 
 
In order to investigate the silt gradation influence on 
liquefaction potential, Nevada Base Sand-A is mixed with two 
different silts at 20% by weight. Stress strain curves from 
undrained triaxial compression tests of Nevada Sand-A mixed 
with 20% SilCoSil silt for three different densities are shown 
in Fig. 5. Void ratios and relative densities after consolidation 
are also reported on the same figure. Accordingly, only one 
specimen (econ=0.688, Dr=45.5%) showed temporary 
liquefaction, whereas the other two were completely stable.  
 
 
Fig. 5.  Temporary liquefaction potential of Nevada Sand-A 
with 20% SilCoSil decreases as density increases at 30kPa 
initial confining stress. 
 
Figure 6 shows the corresponding effective stress paths for the 
same tests on a Cambridge p'-q diagram. On this figure, 
temporary liquefaction of the loosest specimen can be clearly 
observed. Also note the test with the flat portion of the stress 
path for the specimen with Dr=53% in Fig. 6. This test would 
represent the upper limit of the temporary liquefaction region 
for that particular silty sand (with 20% SilCoSil), initial 
confining stress (30 kPa) and depositional method (dry air 
pluviation). For higher relative densities (e.g. Dr=55.8% in 




Fig. 6.  Change of behavior from temporary liquefaction to 
fully stable for silty sand with 20% SilCoSil silt.   
 
 
To investigate the influence of silt gradation, this time Nevada 
Base Sand-A is mixed with 20% Potsdam silt and similar 
uncrained tests were performed. Corresponding stress-strain 
curves are shown in Fig. 7 for three different densities. Unlike 
silty sand with SilCoSil, this silty sand did not show any 
temporary liquefaction behavior even for the loosest density 
achieved with air pluviation.  
 
 
Fig. 7.  Nevada Sand-A with 20% Potsdam silt showed 
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 Different Comparison Bases 
 
Different comparison bases can be used in order to compare 
the undrained response of Nevada Sand-A with different silts. 
Some of these comparison bases can be void ratio(e), loosest 
possible density after deposition,  relative density (Dr) and 
intergranular void ratio (es). 
 
In Fig. 5 the loosest specimen with SilCoSil, which 
temporarily liquefied, had a lower void ratio than the loosest 
specimen with Potsdam (Fig. 7), which was completely stable. 
Therefore, one can say that at the same void ratio, 20% 
SilCoSil makes Nevada Sand-A more volumetrically 
contractive than 20% Potsdam silt. 
 
The change of relative density with void ratio for both silts is 
given in Fig. 8. The line for Potsdam silt has a slightly steeper 
slope than the one for SilCoSil, which means that for the same 
amount of void ratio change, Potsdam is more sensitive in 
terms of relative density change. Tested specimens at the 
loosest possible densities after deposition from Figs. 5 & 7 are 
also located on this figure. Loosest possible density after 
deposition is used as a comparison basis among silty sands in 
some studies (i.e. Lade and Yamamuro, 1998; Georgiannou, 
2006) with the assumption of a “quasi-natural” void ratio. The 
“quasi-natural” void ratio represents the loosest possible 
density deposited in exactly the same manner for different 
soils. This ensures the same amount of energy of deposition. If 
this is chosen as the comparison basis, 20% SilCoSil makes 
Nevada Sand-A more contractive than 20% Potsdam silt.   
Relative density of the temporarily liquefied specimen with 
SilCoSil is much greater than the stable specimen with 
Potsdam (Fig. 8). Therefore, one can easily state that at the 
same relative density, 20% SilCoSil makes Nevada Sand-A 




Fig. 8.  Change of relative density with void ratio for the silts 
used in experimental program. 
 
The parameter names for granular void ratio (Lupini et al., 
1981; Georgiannou, 2006), void ratio of the granular phase 
(Mitchell, 1993), skeleton void ratio (Kuerbis et al., 1988; 
Pitman et al., 1994; Lade and Yamamuro,1997; Lade et al., 
1998) or intergranular void ratio (Thevanayagam, 1998; 
Monkul and Ozden, 2007) ,all of which are actually the same 
concepts, were used in various studies related with the shear 
strength and compressibility of sandy soils. In this study the 
term intergranular void ratio (es) will be used to refer to the 
parameter hereafter. Intergranular void ratio is the void ratio 
of the coarser granular matrix (sand in this case) without the 
fines included as follows: 
 
es= (Vv+Vf)/Vs                                                                     (1a)               
 
where Vv, Vf, Vs are the volume of voids, fines and sand, 
respectively. Hence Vv+Vf term in the numerator corresponds 
to the volume of intergranular void space. Equation 1(a) can 
















=                                                                    (1b)     
 
where e is the overall void ratio, G is the specific gravity of 
the overall soil (weighted average of sand and silt constituents 
are used in this study), Gf is the specific gravity of fines in the 
soil and SC refers to the percentage of silts in total weight of 
dry soil grains. 
 
Variation of intergranular void ratio (calculated by Equation 
1(b)) with void ratio is shown in Fig. 9. Note that lines for 
both silts are parallel to each other as can be predicted from 
Equation 1(b). As the void ratio increases, there is also a rise 
in intergranular void ratio, which means that arrangement of 
the sand grains in the soil becomes looser. Three specimens 
with each silt type analyzed in Figs. 5, 6 & 7 are shown in Fig. 
9. Maximum void ratio of the Nevada Sand-A is also put in 
Fig. 9. This point (es=emax-Nevada Sand-A) is important because it 
shows the loosest configuration of the sand skeleton itself 
without any silt (clean base sand). When tested specimens are 
compared with this data point, their void ratios were smaller 
than the maximum void ratio of the base sand, implying that 
some of the silt grains are located inside the intergranular 
voids. However, the intergranular void ratios were greater than 
the base sand, implying that sand grains were pushed apart by 
the silt grains and there were silt grains located in between the 
contact points of the sand grains. As the void ratio and 
intergranular void ratio increases enough, temporary 
liquefaction might manifest itself as shown in Fig. 9 for 
SilCoSil. On the other hand, all three specimens with Potsdam 
silt showed stable behavior, and no temporary liquefaction 
region was observed with the achieved densities. For the 
loosest specimens with both silt types, Fig. 9 shows that the 
specimen with Potsdam silt had a higher intergranular void 
ratio than the specimen with SilCoSil. Therefore, one can state 
that, for the same intergranular void ratio 20% SilCoSil makes 
Nevada Sand-A more volumetrically contractive than 20% 
Potsdam silt.  
 




Fig. 9.  Change of intergranular void ratio with void ratio for 
the silts used in experimental program. 
 
 
Possible reasons for different undrained response 
 
It is believed that there are two major factors from a silt 
perspective that creates the difference in the undrained 
behavior of a silty sand, considering the base sand gradation, 
fines content, confining stress and depositional conditions are 
kept similar.  
 
The first factor is the gradation of the silt, shown in Fig. 1. 
Test results showed that as the ratio of the average sand grain 
to average silt grain becomes larger, that silty sand becomes 
less susceptible to temporary liquefaction. If d50 is chosen to 
represent the average silt grain size, D50-sand/d50-fines value given 
in Table 1 for SilCoSil is almost half of the D50-sand/d50-fines 
value for Potsdam. As the ratio gets smaller, the chance for 
formation of “metastable” contacts, which makes the silty 
sand more compressible during shearing at low confining 
stresses, may increase. Whereas, for higher ratios, silt particles 
might end up mostly located in intergranular voids since they 
would fit there more easily, which makes the silty sand less 
compressible compared with the former scenario. 
 
The second factor is the angularity of the silt. As seen in Fig. 
3(a), grains of the Potsdam silt are more rounded. Combined 
with their smaller size, rounder shape may enhance the 
possibility of Potsdam grains being pushed in to the 
intergranular voids of Nevada Sand-A. Whereas, angular 
nature of SilCoSil grains, together with their size, may enable 
them to form perhaps more “metastable” contacts. However, 
ongoing research indicates that the effect of silt angularity on 
undrained behavior of a silty sand is much smaller than the 
effect of size ratio (D50-sand/d50-fines).  
 
Whether, the very small plasticity of the Potsdam silt (i.e. 
PI=3.8%) makes a major difference on the undrained behavior 
as much as gradation and angularity is a reasonable question. 
Ishihara (1993) mentioned that low plasticity (PI<10) does not 
change the cyclic strength of sandy soils much but it increases 
thereafter for the higher plasticity range. Guo and Prakash 
(1999) observed that cyclic strength of silt clay mixtures even 
decreases with plasticity index for PI<≈4.  Bray et al. (2004) 
reported many sites at Adapazari, Turkey, mainly silty soils 
with a PI range 0 to 12, liquefied during 1999 Kocaeli 
earthquake. Considering this related literature it is expected 
that the undrained behavior change (i.e. temporary 
liquefaction potential) for the silty sands used in this study is 





In this study, an experimental program was performed to 
investigate the influence of different silts on liquefaction 
potential of silty sands. Two different silts (i.e. SilCoSil and 
Potsdam) with different gradation and shape characteristics 
were employed keeping the base sand, silt content (20%), 
confining stress (30 kPa), deposition method (dry air 
pluviation) constant throughout the experimental program.   
 
Five comparison bases were chosen and volumetric 
contractive tendencies of the silty sands with the different silts 
were compared under monotonic undrained triaxial conditions. 
Results showed that with all three comparison bases: at the 
same void ratio, at the same relative density or at the same 
intergranular void ratio, SilCoSil silt makes Nevada Sand-A 
more volumetrically contractive therefore more susceptible to 
liquefaction than Potsdam silt. The same conclusion is valid 
when loosest possible density after deposition or extreme void 
ratio range (emax-emin) was chosen as the comparison bases. 
 
Possible reasons for this altered liquefaction potential is 
attributed to two major factors 1) mean grain diameter ratio 
(D50-sand/d50-fines), 2) angularity of silt. More explicitly, as the 
silt grains become larger (i.e. D50-sand/d50-fines decreases) and 
more angular the liquefaction potential for a particular sand is 
enhanced with other conditions kept constant. 
 
Most current geotechnical engineering practice considers only 
the overall fines content effect and perhaps plasticity in 
assessments and/or correlations regarding silty sands. This 
study showed that for the same fines content and stress 
conditions in the field, undrained behavior of a sand might be 
vastly different (e.g. temporary liquefaction versus completely 
stable) depending on the silt type.  
 
Further studies with more silt types are needed in order to 
generalize the mentioned conclusions and better understand 
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